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I.  INTRODUCTION 
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The  objective  of  this  effort  was  to  provide  static  triaxial  test  data  on 
plain  concrete  for  validating  concrete  constitutive  relations.  The  effort  was 
a  part  of  an  investigation  performed  by  the  New  Mexico  Engineering  Research 
Institute  (NMERI)  for  the  Air  Force  Weapons  Laboratory  (AFWL).  The  purpose  of 
the  investigation  was  to  evaluate  the  capabilities  and  limitations  of  existing 
constitutive  models  for  concrete  and  reinforced  concrete.  The  models  were  to 
be  compared  to  existing  concrete  test  data  in  the  literature  and  further  checked 
against  triaxial  test  data  developed  as  a  part  of  this  effort.  The  triaxial 
test  data  presented  in  this  report  are  the  data  which  were  developed  for  this 
aspect  of  the  investigation.  The  data  were  developed  by  New  Mexico  State 
University  (NMSU)  under  subcontract  to  NMERI.  Additional  data  on  the  response 
of  standard  cylindrical  specimens  were  provided  by  San  Diego  State  University. 

The  static  triaxial  data  was  to  be  developed  for  plain  concrete  subjected 
to  prescribed  loading  paths  that  included  tensile  stress  components.  New  Mexico 
State  University  was  awarded  the  contract  to  develop  the  data  because  of  its 
existing  unique  testing  capability.  The  test  matrix  was  to  consist  of  64  pri¬ 
mary  and  12  control  tests.  The  control  tests  were  to  follow  load  paths  which 
had  been  previously  studied  in  order  to  verify  the  testing  procedure.  The 
primary  emphasis  of  the  effort  was  on  "nonstandard"  load  paths  for  tests  with 
all  principal  stresses  in  compression  and  on  load  paths  with  one  principal 
stress  in  tension.  The  static  triaxial  tests  were  to  be  conducted  to  follow 
load  paths  specified  by  NMERI  and  agreed  upon  by  NMSU  subject  to  the  capabili¬ 
ties  of  the  testing  equipment. 

This  report  contains  a  description  of  the  test  program,  the  test  appara¬ 
tus  and  the  testing  procedures  used.  A  total  of  81  tests  utilizing  76.2-mm 
(3-in)  cubical  test  specimens  for  all  tests  were  conducted  as  a  part  of  this 
effort.  The  results  of  79  of  these  tests  have  been  documented  by  graphs  of 
stress  versus  strain  along  the  three  principal  axes  used  for  each  test.  Two 
of  these  tests  were  preliminary  uniaxial  tension  tests  conducted  to  evaluate 
the  adequacy  of  the  tension  loading  system  and  only  the  tensile  strength  of 
the  specimen  was  recorded. 


II.  TEST  DESCRIPTION 


TYPES  OF  LOADING  PATHS 

In  order  to  develop  the  required  data,  the  test  apparatus  was  required  to 
have  a  unique  testing  capability.  It  was  necessary  that  the  equipment  have 
the  capability  to  apply  loads  to  the  specimen  along  various  diverse  load  paths. 
The  stress  states  involved  included  various  combinations  of  compression  for  all 
principal  stresses.  It  was  also  necessary  to  develop  stress  states  with  one 
principal  stress  in  tension  and  various  combinations  of  compression  for  the  two 
other  principal  stresses.  The  other  critical  requirement  was  that  the  test  ap¬ 
paratus  be  capable  of  monitoring  the  resulting  deformations  in  the  three  ortho¬ 
gonal  directions,  for  each  test,  so  that  strain  data  could  also  be  developed. 

TEST  APPARATUS 

The  triaxial  testing  machine  used  in  this  effort  was  designed  and  con¬ 
structed  at  New  Mexico  State  University  as  a  part  of  a  previous  research 
program  (Ref.  1).  The  testing  machine  design  was  based  upon  the  following 
criteria: 

a.  Loads  could  be  applied  in  three  orthogonal  directions. 

b.  The  loading  in  each  direction  would  be  independently 
controlled. 

c.  The  testing  machine  would  be  capable  of  applying  a 
maximum  stress  of  206.8  MPa  (30  kip/in2)  triaxially 
to  a  76.2-mm  (3-in)  cube. 

d.  The  measurement  of  the  applied  load  and  the  accompa¬ 
nying  deformations  would  be  possible. 

e.  The  restraint  of  the  lateral  deformations  at  the 
surface  of  the  cube  would  be  minimized. 

f.  The  leads  could  be  applied  in  tension  or  compression. 

g.  The  load  frame  would  deform  symmetrically  under  an 
applied  load. 


1.  Endebrock,  E.  G.  and  Traina,  L.  A.,  Static  Concrete  Constitutive  Relations 
Based  on  Cubical  Specimens,  Vols.  I  and  II,  AFWL-TR-72-59,  Air  Force 
Weapons  Laboratory,  Kirtland  Air  Force  Base,  NM,  December  1972. 
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Load  frame— The  frame  of  the  testing  machine  was  dimensioned  such  that 
there  was  sufficient  space  for  the  hardware  such  as  the  jacks,  compression 
platens,  load  cells,  and  extensometers .  The  main  members  of  the  testing 
frame  consisted  of  wide-flange  steel  sections.  The  sections  were  selected 
according  to  AISC  specifications  and  were  rolled  from  A36  steel.  A  load 
factor  of  2  was  applied  in  the  design.  All  connections  on  the  load  frame 
were  welded.  The  spans  were  short  and  the  shear  stress  levels  high;  hence;  a 
large  number  of  shear  stiffener  plates  were  required.  Web  stiffeners  were  also 
used  beneath  the  jacks  and  the  bearing  plates  to  prevent  crippling  of  the  webs. 

The  testing  machine,  is  composed  of  two  frames,  one  suspended  horizontally 
within  the  other.  The  horizontal  frame  is  suspended  within  the  vertical  frame. 
Two  jacks  are  attached  to  the  horizontal  frame  and  one  to  the  vertical  frame. 
The  horizontal  frame  was  constructed  such  that  it  was  adjustable  in  both  the 
horizontal  and  vertical  directions  to  facilitate  alignment  of  the  load  axes. 

The  loads  were  applied  by  means  of  manually  operated  hydraulic  jacks  with 
capacities  of  1,334  kN  (300  kip)  each.  The  jacks  were  equipped  with  spherical 
heads  which  were  self-aligning  and  double-acting  so  tensile  loads  could  be 
applied  and  the  ram  easily  withdrawn  for  the  placement  of  specimens  into  the 
machine  for  each  test. 

Compression  platens— The  compression  platens  were  machined  from  high 
strength  steel  with  a  yield  point  of  517  MPa  (75  kip/in2).  The  bearing  sur¬ 
face  dimensions  were  69.9  mm  by  69.9  mm  (2.75  in  by  2.75  in).  The  platen 
areas  were  necessarily  smaller  than  the  test  specimen  areas  in  order  to  prevent 
the  platens  from  coming  in  contact  with  each  other  as  a  result  of  the  deforma¬ 
tions  during  a  test.  A  special  feature  of  the  compression  platens  was  a  slot 
milled  in  the  center  to  accommodate  the  extensometer  used  for  deformation 
measurements.  A  hole  was  drilled  into  the  center  of  the  bearing  surface  to 
accommodate  a  small  flanged  pin  (Fig.  1).  An  extensometer  arm  was  placed  in 
the  slot  and  on  one  end  of  the  pin.  The  purpose  of  the  pin  was  to  isolate 
deformations  resulting  from  the  use  of  friction-reduction  pads  so  that  the 
deformation  detected  by  the  extensometer  was  the  deformation  of  the  test  cube 
only.  To  prevent  the  friction- reducing  pads  from  interfering  with  the  dis¬ 
placement  measurements,  a  hole  was  formed  in  these  pads,  which  was  slightly 
larger  in  diameter  than  the  diameter  of  the  pin  flange.  This  allowed  the  pin 
flange  to  pass  through  the  pads  and  to  directly  contact  the  surface  of  the 
test  cube  and  transfer  the  displacement  of  the  center  of  the  cube  along  that 
axis  directly  to  the  extensometer  arms. 


76.2  inn  (3.0  in) 


Concrete  Cube 


Pin 


Bevel  Edge 

Polyethylene  Sheet 
Axle  Grease 

Polyethylene  Washer  Polyethylene  Sheet 


Compression  Platen 


Figure  1.  Arrangement  of  platen,  pin,  polyethylene  sheets, 
and  specimen  for  a  compression  test. 


I 


Polyethylene  washers  of  the  same  thickness  as  the  friction-reducing  pads 
were  placed  between  the  flange  of  the  pins  and  the  bearing  surface  in  the  platen 
to  accomodate  the  added  dimension  caused  by  the  presence  of  the  friction- 
reduction  pads . 

In  order  to  approximate  an  unconfined  state  of  stress  when  using  a  cubical 
test  specimen,  it  is  necessary  to  minimize  the  restraint  of  the  lateral  defor¬ 
mations  at  the  surface  of  the  cubes.  This  can  be  accomplished  by  minimizing 
the  friction  between  the  concrete  cube  and  the  steel  loading  platen  at  the 
point  of  interface.  A  solution  to  the  problem  which  has  proven  to  be  quite 
effective  with  a  minimum  cost  was  suggested  by  Mills  (Ref.  2).  Friction- 
reduction  pads  consisting  of  two  polyethylene  sheets  0.1  mm  (4  mils)  thick 
with  a  layer  of  bearing  grease  between  the  sheets  were  used  in  each  test  to 
satisfy  this  requirement.  The  placement  of  the  pads  during  a  test  is  shown  in 
Figure  1. 

Tension  platens — The  platens  used  for  tests  involving  a  principal  tensile 
stress  are  shown  in  Figure  2.  The  loading  surface  dimensions  for  the  tension 
platens  were  76.2  mm  by  76.2  mm  (3.00  in  by  3.00  in).  A  6.4-mm  (0. 25-in) - 
diameter  hole  was  drilled  at  their  center  to  accomodate  a  steel  pin.  During 
a  test,  one  end  of  the  pin  was  in  direct  contact  with  the  concrete  test  speci¬ 
men.  The  extensometer  arm  was  placed  on  the  other  end  of  the  pin.  The  pur¬ 
pose  of  the  pin  was  to  isolate  deformations  resulting  from  the  use  of  an 
approximately  3.2-mm  (l/8-in)-thick  epoxy  resin  layer  used  to  attach  a  cube 
to  the  tension  platen.  In  this  manner,  the  deformation  detected  by  the  exten¬ 
someter  t -o  the  deformation  at  the  center  of  the  test  cube  in  the  direction 
of  the  principal  tensile  stress.  Loads  were  applied  to  the  tension  platens 
through  ball  joints  in  order  to  obtain  a  uniform  stress  distribution  in  the 
test  cube. 

In  order  to  approximate  an  unconfined  state  of  stress  during  a  test  in¬ 
volving  a  tension  stress  component,  it  is  necessary  to  minimize  the  restraint 
between  the  concrete  cube  and  the  steel  loading  platen.  This  was  accomplished 
by  using  a  3.2-mm  (l/8-in)-thick  epoxy  resin  layer  at  the  point  of  interface. 


Mills,  L.  L. ,  "A  Study  of  the  Strength  of  Concrete  Under  Combined  Compres" 
sion  Loads,"  Ph.D.  Dissertation,  New  Mexico  State  University,  Las  Cruces, 
NM,  December  1967. 
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Figure  2.  A  tension  specimen. 


Although  the  tensile  strength  of  the  epoxy  resin  was  much  higher  than  the  ten¬ 
sile  strength  of  the  concrete,  its  modulus  of  elasticity  was  much  lower.  The 
modulus  of  elasticity  of  most  unfilled  epoxies  ranges  from  345  MPa  to  3,450  MPa 
as  compared  to  a  modulus  of  20,700  -  41,400  MPa  for  concrete.  It  was  assumed 
that  the  low  modulus  of  elasticity  of  the  epoxy  coupled  with  the  3.2-mm  (1/8-in) 
layer,  would  provide  a  negligible  amount  of  restraint  at  the  tension  platens. 

Recording  equipment — The  load  and  deformation  data  were  recorded  simulta¬ 
neously  for  each  of  the  three  principal  axes  as  direct  analog  plots  on  X-Y 
recorders.  The  deformations  were  measured  at  the  center  of  the  concrete  cube 
by  means  of  extensometer  output  signals.  The  loads  were  measured  by  means  of 
output  signals  from  load  cells.  It  was  necessary  to  amplify  the  load  and 
deformation  signals  in  order  to  obtain  satisfactory  output  signals.  The 
deformation  and  load  output  signals  were  recorded  on  the  X-axis  and  Y-axis 
respectively  and  were  scaled  so  that  the  recorded  information  approximated 
the  desired  stress-strain  for  the  given  test  condition. 

A  point  in  time  correlation  was  insured  for  each  data  point  in  the  fol¬ 
lowing  manner.  Using  a  separate  voltage  source,  a  voltage  signal  was  super¬ 
imposed  on  the  data  voltage  signal  of  either  the  X  or  Y  axis  depending  on  the 
type  of  test  being  conducted.  The  signal  was  input  to  each  of  the  three  re¬ 
corders  simultaneously  by  means  of  a  spring  load  gang  switch.  To  record  a 
data  point,  the  switch  was  depressed;  and  this  caused  an  instantaneous  deflec¬ 
tion  of  the  recorder  pen  on  each  recorder  at  the  same  instant.  The  pen  would 
return  to  the  proper  stress-strain  output  position  on  the  recorder  chart  as 
soon  as  the  switch  was  released. 

This  recording  system  has  been  found  to  have  several  advantages.  The 
most  important  is  that  an  experienced  investigator  has  a  graphic  display  of 
the  data  during  a  test.  If  there  are  any  problems  in  the  loading  or  recording 
systems,  they  are  immediately  evident.  This  allows  time  to  stop  the  test  and 
correct  the  problem  in  the  case  of  problems  occurring  at  the  beginning  of  a 
test.  Few  test  specimens  are  wasted.  The  investigator  is  inmediately  aware 
of  the  replication  of  data  from  test  to  test.  The  other  main  advantage  is 
that  the  data  are  being  recorded  instantaneously  on  all  three  axes.  This  is 
extremely  beneficial  toward  the  end  of  a  test  where  the  strain  rate  is  increas¬ 
ing  rapidly.  Point  in  time  data  may  be  obtained  even  though  the  specimen  is 
creeping  at  a  high  rate. 


Load  cells — The  load  cells  used  in  the  testing  program  were  constructed 
and  calibrated  at  NMSU.  They  consisted  of  columns  127  mm  (5  in)  in  length, 
made  of  steel  or  aluminum.  Four  electrical  resistance  strain  gauges  were 
mounted  at  mid-height  of  the  columns.  The  strain  gauges  were  arranged  and 
wired  in  a  manner  such  that  only  axial  strains  were  detected.  Three  different 
types  of  load  cells  were  used  for  the  entire  testing  program.  Two  types  were 
used  for  compression  testing  and  a  third  type  was  used  in  tension  testing. 

One  type  of  compression  load  cell  had  circular  cross  sections  and  was  made 
of  aluminum.  Its  capacity  was  534  kN  (120  kip) .  The  second  type  of  compres¬ 
sion  load  cell  had  69.9-mm  (2. 75-in) -square  cross  sections  and  was  made  of 
high-strength  steel.  Its  capacity  was  1334  kN  (300  kip).  The  two  types  of 
load  cells  were  interchanged  at  various  times  for  different  types  of  tests  as 
required  based  on  the  load  cell  capacity.  When  appropriate,  based  on  their 
capacity,  the  aluminum  load  cells  were  used  since  they  were  more  sensitive  and 
their  output  was  linear  relative  to  the  load  being  measured.  The  steel  load 
cells  had  to  be  used  for  tests  where  a  higher  load  capacity  was  required.  Since 
the  load-output  relationship  was  not  linear,  this  created  minor  difficulties 
during  testing  and  during  data  reduction. 

The  tension  load  cells  had  circular  cross  sections  and  were  made  of  steel. 
Their  capacity  was  controlled  by  the  12.7-aan  (0.5-in)  mounting  bolts  whose 
capacity  was  approximately  22  kN  (5  kip) .  The  tension  load  cells  could  be 
easily  removed  from  the  load  frame  for  calibration  checks.  Several  tension 
load  cells  were  available  for  use.  Only  one  was  needed  for  this  test  program. 

It  was  calibrated  in  a  universal  testing  machine  located  in  the  Materials 
Testing  Laboratory  at  NMSU.  The  cell  was  loaded  incrementally  in  tension  with 
strain  readings  taken  for  each  load  increment.  The  strain  output  was  recorded 
by  means  of  a  Budd  digital  strain  recorder.  The  load  cell  was  unloaded  and 
reloaded  several  times  to  check  the  replication  of  the  procedure.  The  average 
of  all  load  and  strain  readings  was  used  to  obtain  the  find  calibration  curve. 

A  different  calibration  procedure  was  used  for  the  compression  load  cells. 
Whenever  a  compression  load  cell  was  placed  in  the  load  frame,  it  required  a 
tedious  alignment  procedure.  Therefore,  calibration  checks  on  the  compression 
load  cells  were  performed  in  place  in  the  load  frame.  The  same  calibration 
procedure  was  followed  for  all  compression  load  cells. 


A  calibration  load  cell  was  constructed.  It  was  made  of  steel,  had  50.8-mn 
(2-in) -square  cross  sections  and  was  76.2  mm  (3  in)  long.  A  calibration  curve 
was  obtained  for  this  load  cell  using  a  universal  testing  machine  located  in 

the  Materials  Testing  Laboratory  at  NMSU.  It  was  loaded  incrementally  in  com¬ 

pression  with  strain  readings  taken  for  each  load  increment.  The  averages  of 
all  load  and  strain  readings  for  several  loading  cycles  were  used  to  develop 
a  calibration  curve  for  this  load  cell.  The  strain  output  was  recorded  using 
a  Budd  digital  strain  recorder.  To  calibrate  the  compression  load  cells,  the 

calibration  load  cell  was  placed  in  the  load  frame  in  line  with  the  load  cell 

which  was  being  calibrated.  A  load  was  then  applied  simultaneously  and  incre¬ 
mentally  to  both  load  cells  by  the  jacks  for  that  load  axis.  The  output  signal 
for  the  compression  load  cell  was  compared  to  the  strain  output  of  the  Budd 
digital  strain  recorder.  The  output  signal  for  the  compression  load  cell  was 
recorded  directly  on  the  Y-axis  of  an  X-Y  recorder  to  an  appropriate  scale. 

The  load  signal  was  adjusted  on  the  recorder  to  represent  the  stress  in  the 
concrete  cube  during  a  test. 

The  calibration  load  cell  was  somewhat  sensitive  to  end  restraint  condi¬ 
tions  due  to  its  length  to  lateral  dimension  ratio.  It  was  therefore  necessary 
to  provide  similar  end  conditions  for  the  calibration  load  cell  in  the  univer¬ 
sal  testing  machine  to  those  that  were  present  in  the  load  frame  when  those 
load  cells  were  being  calibrated.  This  was  easily  accomplished.  In  the  load 
frame  the  load  was  applied  to  the  calibration  load  cell  at  each  end  by  a  com¬ 
pression  platen.  To  replicate  this  end  condition  in  the  universal  testing 
machine,  a  pair  of  compression  platens  were  removed  from  the  load  frame  and 
used  to  apply  the  load  to  each  end  of  the  calibration  load  cell.  In  this  man¬ 
ner  identical  end  conditions  were  established  for  both  phases  of  the  compres¬ 
sion  load  cell  calibration  procedure. 

Extensomete r s - -The  extensometers  consisted  of  an  aluminum  bar  rigidly  at¬ 
tached  to  two  steel  clamps.  The  clamps  were  constructed  with  elbows  in  them  so 
that  the  ends  could  be  placed  in  the  loading  platens,  and  the  remainder  of  the 
extensometer  would  not  interfere  with  the  other  extensometers  and  platens.  The 
aluminum  bar  served  as  a  flexural  member  to  measure  the  extensometer  deforma¬ 
tions.  Four  electrical  resistance  strain  gauges  were  attached  to  the  bar  and 
used  to  measure  the  deformations. 


Calibration  of  the  extensometers  was  achieved  with  the  aid  of  a  hexagonal¬ 
shaped  aluminum  bar.  The  bar  was  76.2  mm  (3  in)  in  length  and  had  two  elec¬ 
trical  resistance  strain  gauges  mounted  at  mid-height.  The  strain  gauges  were 
wired  to  detect  the  axial  strains  in  the  bar.  The  aluminum  bar  was  placed  in 
the  testing  machine  between  the  two  compression  platens  of  a  particular  axis. 

The  strain  gauges  were  wired  into  a  Budd  digital  strain  recorder.  The  exten- 
someter  was  placed  in  the  cosipression  platens  in  the  same  position  as  used 
during  a  test.  The  strain  gauges  were  wired  to  detect  flexural  strains  only. 

The  extensometer  strain  gauges  output  was  wired  to  the  X-axis  of  the  X-Y  re¬ 
corder.  A  load  was  then  applied  to  the  aluminum  bar.  The  strain  in  the  alum¬ 
inum  bar  was  read  on  the  Budd  recorder  and  compared  to  the  output  of  the  exte¬ 
nsometer  on  the  X-Y  recorder. 

To  develop  the  calibration  curve  for  the  extensometer,  a  load  was  applied 
to  the  hexagonal  bar  to  produce  a  2,000  microstrain  readout  on  the  Budd  recorder. 
The  corresponding  output  signal  from  the  extensometer  was  then  amplified  so  that 
a  4-cm  deflection  of  the  X-Y  recorder  arm  was  produced  along  the  X-axis.  This 
resulted  in  an  average  strain  calibration  setting  of  1  cm  equal  to  500  micro¬ 
strain.  The  hexagonal  bar  was  then  unloaded  and  reloaded  in  500  microstrain 
increments.  The  resulting  X-Y  recorder  deflections  were  marked  and  this  record 
was  retained  as  the  calibration  curve  for  the  subsequent  series  of  tests.  The 
preceding  calibration  procedure  was  used  for  all  tests  with  all  principal 
stresses  in  compresssion.  The  resulting  calibration  curve  was  found  to  be 
approximately  linear  over  the  2000  microstrain  calibration  range. 

For  tests  involving  one  principal  tension  stress  it  was  necessary  to  re¬ 
cord  much  smaller  strain  resultants.  A  slightly  different  calibration  proce¬ 
dure  was  used.  The  hexagonal  bar  was  loaded  to  produce  strain  increments  of 
100  microstrain.  The  resulting  extensometer  output  was  marked  on  the  X-Y  re¬ 
corder  for  each  increment.  The  procedure  was  repeated  several  times  for  each 
axis  and  the  average  of  all  readings  were  used  to  determine  a  strain  calibration 
function  for  those  tests. 

TEST  SPECIMENS 

Six  batches  containing  25  cubes  each  were  cast  for  use  in  the  test  program. 
The  cubes  were  cast  using  four  identical  molds  with  6  cubes  being  cast  in  each 
mold.  Of  the  144  cubes  cast,  3  from  each  batch  were  kept  by  NMERI.  The  remain¬ 
ing  126  cubes  were  shipped  to  New  Mexico  State  University  by  automobile  for  use 
in  the  test  program.  Of  the  specimens  shipped  to  NMSU,  81  were  used  in  the 


present  test  program  and  the  remaining  45  are  being  stored  in  the  laboratory. 
A  summary  of  the  specimens  tested  and  not  used  are  shown  below: 


BATCH  NUMBER 

SPECIMENS  TESTED 

SPECIMENS  NOT  USED 

1 

2 

19 

2 

14 

7 

3 

19 

2 

4 

12 

9 

5 

16 

5 

6 

18 

3 

Concrete  properties — The  concrete  mix  used  for  the  specimens  was  designed 
at  the  New  Mexico  Engineering  Research  Institute.  The  test  specimens  were  cast 
there  in  molds  which  were  also  designed  and  fabricated  there.  The  aggregates 
used  in  the  mix  conformed  with  the  grading  requirements  of  ASTM  C33  specifica¬ 
tions  for  concrete  aggregates.  The  course  aggregate  was  crushed  and  had  a 
maximum  size  of  11  mm.  The  fineness  modulus  of  the  sand  varied  from  2.6  to 
3.1.  The  concrete  mix  is  shown  below: 


Portland  Cement,  Type  I/I I 

289  kg 

(16.25  percent  by  weight) 

Fine  Aggregate 

739  kg 

(41.54 

II  II  J 

Coarse  Aggregate 

576  kg 

(32.38 

I#  ff  J 

Water 

175  kg 

(9.84 

•1  II  j 

Admixture  (Master  Builders  Pozzolith  300  N)  59  ml. 

The  concrete  was  mixed  in  a  Daffin  mobile  concrete  mixer  which  produces 
concrete  by  a  continuous  mixing  process.  The  76.2-mm  (3-in)  cubes  and  162  by 
305-mm  (6  by  12-in)  control  cylinders  were  cast  in  six  batches.  The  cubes 
were  compacted  by  vibration  while  the  cylinders  were  compacted  by  rodding. 

All  cylinders  were  cured  at  NMERI.  Strength  tests  were  performed  at  NMERI  and 
deformation  characteristics  were  developed  at  San  Diego  State  University.  The 
cubes  and  cylinders  were  moist,  cured  for  28  days  and  then  stored  at  ambient 
conditions  until  the  time  of  testing.  The  cylinders  were  tested  for  compres¬ 
sive  strength  at  7  days  and  at  28  days.  The  results  of  these  tests  are  shown 
in  Table  1.  A  comparison  of  the  28-day  cylinder  strength  and  the  uniaxial 
cube  strengths  is  shown  in  Table  2.  The  mean  cube  strength  shown  is  the  aver¬ 
age  of  two  tests.  The  mean  cylinder  strength  is  the  average  of  three  tests. 
The  maximum  difference  between  the  mean  value  and  an  individual  test  is  also 
shown  to  give  an  indication  of  the  scatter  of  the  results.  As  noted  in  the 


TABLE  1.  CYLINDER  STRENGTHS 


Date  Cast 


Strength  (MPa) 


TABLE  2.  UNIAXIAL  TEST  RESULTS 


Batch  28-Day  Cylinder  Strength _ 

Mean  Difference  From  Mean  (MPa) 
(MPa) 


1 

25.73 

0.63 

(2.5%) 

2 

25.54 

0.67 

(2.6%) 

3 

25.12 

0.49 

(1.9%) 

4 

24.02 

0.39 

(1.6%) 

5 

23.80 

0.17 

(0.7%) 

6 

25.46 

1.32 

(5.2%) 

All 

24.67 

1.54 

(6.3%) 

*  No 

tests  conducted  for 

these  batches 

_ Cube  Strength _ 

Mean  Difference  From  Mean  (MPa) 
(MPa) 


* 

* 

20.00 

0.40 

(2.0%) 

20.14 

0 

(0%) 

* 

* 

20.15 

0.09 

(0.4%) 

* 

* 

20.10 

0.50 

(2.5%) 

tables,  uniaxial  cube  tests  were  conducted  for  only  three  of  the  six  batches. 
Since  the  scatter  from  batch  to  batch  was  very  small,  it  would  seem  reasonable 
to  use  the  mean  of  all  tests  conducted  as  a  representative  value  for  the  other 
batches.  This  value  was  calculated  and  is  also  shown  in  Table  2. 

Preparation — The  cubical  test  specimens  were  cast  in  molds  which  were 
76.2  by  76.2  by  78.2-mm  (3  by  3  by  3  3/32-in)  in  size.  Before  the  specimens 
were  tested,  the  top  face  was  milled  to  76.2  mm  (3  in)  using  a  surface  grinder 
with  a  diamond- tipped  grinding  wheel.  For  the  specimens  used  in  tension  test¬ 
ing,  no  further  machining  was  needed.  The  specimens  used  in  tests  involving 
standard  and  "nonstandard”  compression  load  paths  were  machined  further.  Thes 
specimens  were  milled  to  form  a  3.2-mro  (1/8-in)  bevel  along  each  edge.  This 
resulted  in  a  69.9  by  69. 9-nan  (2.75  by  2.75-in)  bearing  surface  for  each  face 
of  the  test  specimen.  After  the  milling  procedure,  the  specimens  were  washed 
in  clear  water,  surface  dried  and  stored  for  testing. 

Epoxy — As  indicated  previously,  the  tension  test  specimens  were  attached 
to  the  tension  loading  platens  by  means  of  an  epoxy  resin  layer.  The  epoxy 
used  was  unfilled  and  a  3.2-am  (1/8-in) -thick  layer  was  used.  A  special  fix¬ 
ture  was  designed  and  fabricated  to  hold  the  concrete  cube  and  tension  platens 
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and  to  aid  in  their  alignment  so  that  the  face  of  the  specimen  and  the  platen 
were  parallel.  The  specimens  were  aligned  and  clamped  in  the  desired  orienta¬ 
tion.  Duct  tape  was  then  used  to  form  a  closure  around  three  sides  of  the 
76.2  by  76.2  by  3.2-mm  (3  by  3  by  l/8-in)-space  between  the  cube  and  the  steel 
platen.  The  epoxy  was  then  mixed  using  standard  procedures  for  mixing  the  two 
parts  and  poured  into  the  cavity  between  the  cube  and  platen.  The  epoxy  had  to 
cure  overnight  before  it  was  rigid  enough  to  remove  the  test  specimen  from  the 
fixture.  The  duct  tape  was  removed  prior  to  testing  and  any  excess  epoxy  was 
removed  by  sanding  on  a  belt  sander.  The  three  specimens  to  be  used  for  a 
given  load  path  were  prepared  and  tested  at  the  same  time.  Thus  the  epoxy  was 
the  same  age  at  the  time  of  test. 

The  epoxy  resin  used  was  manufactured  by  Celanese  Plastics  &  Specialties 
Company,  Louisville,  Kentucky.  The  composition  used  was  100  parts  by  weight  of 
Epi-Rez  510  to  35  parts  by  weight  of  Epi-Cure  872.  In  accordance  with  the  man¬ 
ufacturer's  literature,  this  epoxy  resin  composition  would  provide  an  ultimate 
tensile  strength  of  61  MPa  (8.9  kip/in2)  when  cured  for  2  weeks  at  room  temper¬ 
ature.  The  flexural  modulus  at  that  time  was  listed  as  3,309  MPa  (480  kip/in2) 
Since  the  listed  tensile  strength  was  much  higher  than  needed  to  test  the  con¬ 
crete  cubes  to  failure  in  tension,  a  supplemental  investigation  was  initiated 
to  determine  the  strength  of  the  epoxy  at  various  ages.  The  investigation  was 
designed  so  that  adequacy  of  preparation  of  the  steel  loading  surface,  to  as¬ 
sure  proper  bonding,  could  be  determined  at  the  same  time.  Tensile  specimens 
consisting  of  two  15.9-mm  (5/8-in)-square  bars  joined  together  by  a  3.2-mm 
(1/8-in)  layer  of  epoxy,  were  prepared.  The  loading  surfaces  were  cleaned 
using  the  same  procedures  and  materials  to  be  used  for  the  concrete  tensile 
specimens.  A  minimum  epoxy  tensile  strength  of  approximately  twice  the  expec¬ 
ted  concrete  uniaxial  tensile  strength  of  2.1  MPa  (0.30  kip/ in2)  was  considered 
to  be  desirable.  It  was  felt  that  this  would  insure  a  failure  in  the  concrete 
for  all  tests. 

Three  sets  of  five  specimens  each  were  prepared  and  tested  to  obtain  the 
required  data.  The  first  set  was  statically  tested  at  epoxy  age  of  23  to  24 
hours  with  the  following  results: 


SPECIMENS  TESTED 


STRESS  (MPa) 


NUMBER  FAILED 


The  second  set  was  tested  in  the  following  manner.  Four  specimens  were 
tested  statically  with  the  following  results: 


SPECIMEN 


AGE  (Hours) 


STRENGTH  (MPa) 


No.  1 

4.75 

No.  2 

6.00 

No.  3 

6.25 

No.  4 

6.42 

0.11 

3.18 

3.87 

4.40 


Based  on  the  results  of  the  four  specimens  listed  above,  it  was  noted  that  a 
very  rapid  strength  gain  occurred  after  the  6-h  age.  It  was  also  noted  that 
all  failures  had  occurred  in  the  epoxy,  but  that  the  epoxy  behavior  was  very 
viscoelastic  at  this  age.  The  fifth  specimen  was  loaded  5  min  after  the  fourth 
specimen  at  a  6.50-h  age  at  a  stress  of  4.40  MPa.  It  was  able  to  sustain  this 
load  for  24  s. 


The  third  set  was  tested  to  determine  the  time  that  the  epoxy  could  sus¬ 
tain  a  minimum  prescribed  stress  before  failure.  The  first  specimen  in  this 
set  was  tested  statically  at  the  age  of  5.75  h  and  developed  a  strength  of 
1.94  MPa.  This  was  consistent  with  the  strength  versus  age  values  determined 
in  the  previous  tests.  A  previously  determined  strength  of  3.87  MPa  at  a 
6.25-h  age  was  selected  as  the  loading  for  the  subsequent  tests  with  the 
following  results: 


STRESS  (MPa)  AGE  (Hours)  TIME  TO  FAILURE  (s) 


4.49  6.25  8 

4.49  6.50  60 

4.49  6.75  64 


For  all  of  the  above  tests  to  failure,  there  were  no  bond  failures  at  the 
steel  loading  surface.  This  indicated  that  the  surface  cleaning  procedures 
were  adequate.  The  tests  resulted  in  consistent  strength  data  at  all  test 
ages  for  the  epoxy  resin.  Prior  to  beginning  the  required  tension  tests,  two 
tensile  specimens  were  prepared  and  tested  uniaxially  in  a  universal  testing 
machine  in  the  Materials  Testing  Laboratory.  Two  concrete  specimens  were 
selected  from  batch  number  1  and  were  tested  with  the  following  results: 


SPECIMEN 


EPOXY  AGE  (Hours) 


STRENGTH  (.MPa) 


For  both  o£  the  above  specimens,  the  failure  initiated  in  the  concrete,  but 
the  failure  surface  extended  into  the  epoxy.  This  appeared  to  be  undesirable 
and  it  was  decided  to  specify  a  minimum  epoxy  age  of  24  h  at  the  time  of  test¬ 
ing.  Host  tests  were  conducted  at  an  epoxy  age  of  48  h  since  this  fit  best 
with  the  testing  and  test  specimen  preparation  schedule  which  was  established 
based  on  the  availability  of  personnel. 

TEST  PROCEDURES 

In  addition  to  the  7-day  and  28-day  cylinder  tests  reported  in  Table  1 
and  Table  2,  one  cylinder  was  also  tested  at  approximately  45  days  for  each 
batch.  A  comparison  between  these  test  results  and  the  average  of  the  28-day 
cylinder  strengths  is  shown  below: 


BATCH 


28-DAYS  (MPa) 


45-DAYS  (MPa) 


1  25.73  29.27 

2  25.55  31.61 

3  25.12  31.83 

4  24.02  29.92 

5  23.80  33.87 

6  25.46  31.54 


There  was  a  differential  strength  increase  greater  in  some  batches  than  in 
others  relative  to  time.  It  was  also  assumed  that  some  additional  strength 
gain  would  occur  with  time.  In  order  to  have  the  concrete  with  the  highest 
possible  strength  available  for  each  test,  test  specimens  were  selected  for 
testing  in  order  of  the  highest  cylinder  strengths  at  the  45-day  age.  Since 
there  would  be  a  time  lap  of  several  weeks  from  the  start  to  the  end  of  the 
testing,  it  was  also  felt  that  this  procedure  would  minimize  the  strength 
differential  between  cubes  at  the  time  of  testing. 

It  also  seemed  to  be  desirable  to  try  to  minimize  cross  batch  strength 
differentials  as  much  as  possible  relative  to  each  test  series,  particularly 
in  individual  replication  tests  for  the  same  load  path.  To  accomplish  this, 
specimens  for  a  given  load  path  were  always  selected  from  the  same  batch.  For 
a  given  test  series,  specimens  were  always  selected  as  much  as  possible  from 
the  same  batch.  A  summary  of  the  selection  of  specimens  from  each  batch  rela¬ 
tive  to  type  of  test  and  load  path  follows: 
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TEST  TYPE 

LOAD  PATHS 

BATCH 

Standard  Compression 

1-8 

5 

Nonstandard  Compression 

1  -  5 

3 

II  It 

6  -  9 

2 

Tension 

1  -  6 

6 

n 

7-10 

4 

In  addition  to  the  73  tests  conducted  £or  the  27  specified  load  paths,  some 
additional  uniaxial  and  biaxial  tests  were  conducted  as  control  test  for  basic 
batch  strengths  for  some  of  the  batches  used. 

Uniaxial  compression  tests--When  conducting  uniaxial  tests  in  the  triaxial 
testing  frame,  care  was  taken  to  ensure  that  no  lateral  confinement  would  occur 
until  after  the  maximum  stress  had  been  obtained.  The  slightest  lateral  pres¬ 
sure  would  greatly  affect  the  test  results.  During  a  test  the  compression 
platens  of  the  two  unloaded  axes  were  in  close  proximity  to  those  faces  of  the 
cube.  This  was  necessary  in  order  to  mount  the  extensometers  to  measure  the 
lateral  strains.  A  thin  metal  sheet  was  used  as  a  spacer  to  separate  those 
platens  from  the  specimen  initially.  Prior  to  testing,  the  spacer  was  removed 
and  the  load  cells  on  those  axes  were  activated.  During  a  test  it  was  possible 
to  detect  a  pressure  in  those  directions  which  would  be  an  indication  of  pre¬ 
mature  lateral  confinement  of  the  specimen. 

Biaxial  compression  tests — Biaxial  tests  were  also  greatly  affected  by 
the  presence  of  a  slight  lateral  pressure  on  the  unconfined  axis.  Therefore, 
a  small  space  was  left  between  the  cube  and  the  compression  platens  on  the  un¬ 
loaded  axis  as  in  the  uniaxial  tests.  The  load  cell  on  that  axis  was  activated 
as  before,  so  that  any  lateral  confinement  of  the  specimen  could  be  detected. 
This  serves  as  a  verification  of  possible  confinement  in  these  tests;  since, 
as  indicated  above,  slight  confinements  would  produce  large  increases  in  the 
apparent  biaxial  strength  and  would  be  very  noticeable. 

Triaxial  compression  tests — Triaxial  tests  were  performed  in  a  manner 
similar  to  that  of  the  biaxial  tests.  Since  all  sides  were  confined,  the  con¬ 
sideration  of  preventing  confinement  was  not  present  as  in  the  case  of  the 
uniaxial  and  biaxial  tests.  The  specimen  was  placed  in  the  testing  machine  and 
all  of  the  loading  platens  were  brought  into  contact  with  the  test  specimen. 

The  extensometers  were  then  set  in  place. 
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Tension  testing— For  any  test  involving  a  principal  tension  stress,  the 
tension  platens  which  had  been  previously  glued  to  the  test  specimen  were  con¬ 
nected  to  the  load  cell  and  the  loading  raa  of  the  jack  by  Beans  of  ball 
joints.  This  allowed  the  cube  to  align  itself  as  the  tensile  load  was  applied 
and  aininize  the  effect  of  eccentric  loading.  Special  hardware  was  required 
to  protect  the  extensoaeter  used  on  the  tension  axis  when  separation  of  the 
cubes  occurred  at  the  tine  of  failure. 

The  lateral  strains  which  occurred  in  these  tests  were  very  much  smaller 
than  those  in  a  compression  test;  and,  in  general,  the  face  of  the  cube  would 
stove  away  from  the  adjacent  face  of  the  compression  platen.  Thus,  the  concern 
relative  to  lateral  confineaent  during  a  compression  test  in  general  was  not 
present  for  the  tension  tests.  For  tests  involving  combinations  of  tension 
and  compression,  the  compression  loads  were  applied  in  the  same  manner  as  for 
any  other  compression  test.  For  those  tests,  a  closer  alignment  of  the  speci¬ 
men  and  load  axes  was  necessary  than  for  the  other  types  of  tests  conducted. 
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III.  EXPERIMENTAL  RESULTS 


As  indicated  previously,  the  primary  requirement  of  this  effort  was  to 
perform  tests  along  various  load  paths  specified  by  the  New  Mexico  Engineering 
Research  Institute.  The  purpose  of  the  testing  was  to  generate  static  triaxial 
constitutive  data  for  specified  load  path.  The  results  of  those  tests  were  to 
be  documented  by  graphs  of  stress  versus  strain  along  the  three  principal  axes 
used  for  each  test.  In  this  section  a  description  of  the  various  specified  load 
paths  will  be  presented  along  with  the  data  reduction  procedures  used.  The 
stress  versus  strain  plots  will  be  presented  in  the  appendixes  to  this  report. 

THE  TRIAXIAL  TESTING  PROGRAM 

The  objectives  of  the  triaxial  testing  program  defined  by  NMERI  are  listed 
below: 

a.  Determine  the  initial  inelastic  surface. 

b.  Determine  the  inelastic  surface  subsequent  to  inelastic  deformation. 

(Evidence  of  kinematic  hardening) . 

c.  Determine  the  limit  surface  for  a  "standard”  set  of  tests. 

d.  Determine  the  limit  surface  for  an  alternate  set  of  tests  to  indicate 

the  effect  of  inelastic  deformation  on  the  limit  surface  location. 
(Path  dependence  of  limit  surface). 

e.  Illustrate  the  nature  of  inelastic  deformation  prior  to  reaching  the 
limit  stress  and  after  reaching  the  limit  stress.  (Stress-strain 
relation) . 

The  purpose  of  the  NMSU  Testing  Program  was  to  meet  the  above  objectives 
to  the  greatest  extent  possible,  with  the  primary  emphasis  on  "nonstandard" 
stress  paths  for  all  principal  stresses  in  compression  and  on  stress  paths 
with  one  principal  stress  in  tension.  For  the  stress  paths  in  compression  or 
in  tension,  the  above  objectives  were  to  be  met  by  the  following  testing  se¬ 
quence  : 

a.  Stress  Paths  in  Compression  (All  Principal  Stresses  Negative) 

(1)  Verification  and  Initialization  Tests 

Perform  a  set  of  standard  tests  to  obtain  an  initial 
definition  for  the  inelastic  and  limit  surfaces.  Since  such 
paths  have  previously  been  studied,  these  tests  also  serve  to 
verify  the  testing  procedure.  Monitor  stress-strain  curves  to 
meet  objective  e. 


(2)  Path  Dependen  t  Tests 

Select  points  in  stress  space  on  the  paths  used  in  part  A. 
Choose  alternate  paths  involving  inelastic  deformation  that  reach 
these  same  points  to  meet  objectives  b  and  d. 

b.  Stress  Paths  in  Tension  (One  Principal  Stress  Positive) 

(1)  Initialization  Tests 

Perform  a  set  of  standard  tests  to  obtain  an  initial  defini¬ 
tion  for  the  inelastic  and  limit  surfaces.  Use  these  tests  to 
obtain  stress-strain  curves,  also. 

(2)  Path  Dependence  Tests 

Choose  alternate  paths  involving  inelastic  deformation  to 
monitor  the  effect  on  the  location  of  the  inelastic  surfaces, 
the  limit  surface  and  stress-strain  curves. 

A  total  of  73  tests  along  27  specified  load  paths  were  prescribed  for  the 
NMSU  Testing  Program.  The  tests  were  subdivided  into  three  test  series  with 
a  total  of  73  specified  tests  as  shown  below: 

LOAD  PATHS  TEST  PER  PATH 

Standard  Compression  Tests  8  2 

Nonstandard  Compression  Tests  9  3 

Tension  Tests  10  3 

Due  to  the  expected  anisotropic  behavior  of  the  concrete,  each  load  path 
was  carefully  defined  relative  to  the  direction  of  casting  of  the  test  cubes. 

The  principal  stresses  ct^  or  were  always  defined  as  the  direction  parallel 
to  the  direction  of  casting  of  the  cube  (the  sides  of  the  cube  as  cast). 

The  principal  stress  was  always  defined  as  the  direction  perpendicular 
to  the  casting  direction  (the  top  of  the  cube  as  cast) .  A  description  of 
all  of  the  load  paths  is  given  below: 

A.  Standard  Stress  Paths  in  Compression  Zone 

(1)  Uniaxial  stress  to  failure 
ACTj  =  Ac2  *  0;  Act3  =  -As 

(2)  Uniaxial  stress  to  failure 

AOj  =  -As;  Ao2  =  Ac ^  =  0  (Denote  maximum  value  of  Cj  as  f^) 

(3)  Biaxial  stress  to  failure  with  (^/Cj  =  1’0;  °3  =  0 

ACj  =  A o2  =  -As;  Ac,j  =  0  (Denote  maximum  value  of  c^  and  a 2  as  f^) 
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(4)  Hydrostatic  loading  to  =  o2  =  (J3  =  "f^/3 
Affj  =  Ao2  =  Ao3  =  As 

Uniaxial  loading  to  failure 
A0j  =  -As;  Act2  =  ^3  =  0 

(5)  Hydrostatic  loading  to  °i  =  °2  =  CT3  =  ”2/3 
AOj  =  Act2  =  Ao3  =  As 

Shear  loading  to  failure 
Acfj  =  -As;  Ao2  =  As;  Ao3  =  0 

(6)  Triaxial  stress  to  failure  with  (^/o^  =  a^°\  ~ 

AtJj  =  Act2  =  -As ;  Aa3  =  -0 .  lAs 

(7)  Biaxial  stress  to  failure  with  a^CTj  =  a3  =  ® 

AOj  =  -As;  Aa2  =  -0 . 5As ;  Acr3  =  0 

(8)  Triaxial  stress  to  failure  with  o^Oj  -  0.5;  =  0.1 

ACTj  =  -As ;  Ao2  =  -0 . 5 As ;  Act3  =  -0 . lAs 

B.  Nonstandard  Stress  Paths  in  Compression 

(1)  Load  hydrostatically  to  =  °2  =  a3  = 

AOj  =  A o2  =  Act3  =  As 

Load  uniaxially  to  =  0.85  f^.;  ~  °3  =  ‘°*1  f'c 

ACTj  =  -As;  Act2  =  Ao3  =  0 

Unload  to  o,  =  C„  =  CT„  =  -0 . If ' 

12  3  C 

AOj  =  As;  Ao2  =  Aa3  =  0 

Load  biaxially  to  failure  with  c^/a^  =  a3  =  ^ 

Ac^  =  A a2  =  -As;  Act3  =  0 

(2)  Load  hydrostatically  to  <7^  =  a2  =  a3  =  -0. 1  f^ 

Aa1  =  Ao2  =  Aa3  =  -As 

Load  biaxially  to  failure  with  a2/(Jj  =  CT3  = 

AtJj  =  Ao2  =  -As ;  Ao3  =  0 

(3)  Load  hydrostatically  to  =  a2  =  o3  =  -0.1  f^ 

ACTj  =  Ao2  =  Ac3  =  -As 

Load  biaxially  to  =  a2  =  -0.85  f£;  a3  =  -0.1  f^ 

Ao1  =  Ao2  =  -As;  Ao3  =  0 

Unload  to  o,  =  o0  =  0-  =  -0.1  f’ 

12  3  c 

Ao1  =  Ao2  =  As;  Aa3  =  0 
Load  uniaxially  to  failure 
AOj  =  -As;  Ao2  =  Ao3  =  0 
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(4)  Load  hydrostatically  to  d^  =  =  -0.1  f 'c 

AOj  =  A a2  =  Ao3  =  -As 

Load  uniaxially  to  failure 
AOj  =  -As;  Ac2  =  Act3  =  0 

(5)  Load  hydrostatically  to  ai  ~  a2  ~  a3  = 

Aa1  =  Ao2  =  Ao3  =  -As 

Unload  hydrostatically  to  dj  =  d2  -  -  -2/3 

AOj  =  Act2  =  Ao3  =  As 
Load  in  shear  to  failure 
AOj  =  -As;  A o2  =  As;  Ad3  =  0 

(6)  Load  hydrostatically  to  =  o2  =  ct3  =  -2  f^ 

Adj  =  Aa2  =  Ao3  =  -As 

Unload  hydrostatically  to  d^  =  d2  =  d3  =  -0. 1  f ^ 
ACTj  =  A fl2  =  Ao3  =  As 
Load  biaxially  to  failure 
ACTj  =  Ao2  =  -As;  Ao3  =  0 

(7)  Load  uniaxially  to  d^  *  -0.75  f^.;  o2  =  ct3  =  0 
Adj  =  -As;  Act2  =  Ao3  =  0 

Load  biaxially  to  d1  =  d2  =  -0.75  f^.;  °3  =  0 
Ad1  =  A«3  =  0;  Ad2  =  -As 
Load  biaxially  to  failure 
Ad1  =  Ad2  =  -As;  Ad3  =  0 

(8)  Load  hydrostatically  to  d^  =  d2  =  d3  =  -0. 1  f'c 
Adj  =  Ad2  =  Ad3  =  -As 

Load  uniaxially  to  dj  =  -0.85  f^, 

Ao1  =  -As;  Ao2  =  Ad3  =  0 

Trace  a  path  to  dj  =  -0.1  f;  d2  =  -0.85  f^;  d3 
Adj  =  As;  Ad2  =  -As;  Ad3  =  0 
Load  uniaxially  to  failure 
Adj  =  Ad3  =  0;  Ad2  =  -As 

(9)  Load  hydrostatically  to  a\  s  °2  ~  °3  =  *c 
Ad1  =  Ad2  =  Ad3  =  -As 

Load  in  shear  to  d^  =  -f^.;  d2  =  -3f^;  d3  =  -2  f^, 

Adj  =  As;  Ad2  =  -As;  A d3  =  0 

Unload  in  shear  to  d.  =  d_  =  d_  =  -2  f ' 

12  3  c 

Adj  =  -As;  Ad2  =  As;  A -  0 

Unload  hydrostatically  to  =  °2  =  CT3  =  "°‘1  fc 
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Load  biaxially  to  failure 
AOj  =  6a 2  =  -As;  Ao3  =  0 

Stress  Paths  Involving  Tension 

(1)  Uniaxial  stress  to  failure 

ACj  =  As;  A =  A =  0  (Denote  maximum  value  of  o^^  as  f^) 

(2)  Uniaxial  stress  to  failure  (Check  on  anisotropy) 

AtJj  =  =  0;  Aa^  =  As  (Denote  maximum  value  of  ct^  as  f^) 

(3)  Biaxial  stress  to  failure  with  °2^a\  ~ 

ACTj  =  As;  6a 2  =  -0.5As;  Ao3  =  0 

(4)  Shear  to  failure 

ACTj  =  As,  6a 2  -  -As,  Aa3  =  0  (Denote  maximum  value  of  o^  as  f^) 

(5)  Load  uniaxially  to  o^  —  0.5  f^;  O2  =  o3  =  0 
AOj  =  As;  6a 2  =  6a ^  =  0 

Load  in  shear  to  failure 
AOj  =  As ;  6a 2  =  -As ;  Ao3  =  0 

(6)  Load  in  shear  to  a ^  =  0.5  f^;  o2  =  -0.5  f^;  o3  =  0 
Ao1  =  As;  6a 2  -  -As;  6a ^  =  0 

Load  uniaxially  to  failure 
AOj  =  As;  6a 2  =  Ao3  =  0 

(7)  Load  biaxially  to  Oj  =  0.5  f^;  02  =  0.1  f^;  o3  =  0 
AOj  =  As;  Ao2  =  -0.2As;  6a ^  =  0 

Load  biaxially  to  failure 
AOj  =  As;  AO2  =  -0 . 4As ;  Ao3  =  0 

(8)  Load  biaxially  to  o.  =0.5  f';  o»  =  -0.4  f ' ;  o_  =  0 

X  S  4  S  j 

AOj  =  As;  Ao2  =  -0 . 8As ;  Ao3  =  0 
Load  biaxially  to  failure 
AOj  =  As;  AO2  =  -0 . 6As ;  Ao3  =  0 

(9)  Load  in  biaxial  compression  to  o^  =  0;  a2  =  °3  =  ~*t 
Ao1  =  0;  A a 2  =  Ao3  =  -As 

Load  in  uniaxial  tension  to  failure 
Ao1  =  As;  6a 2  =  Ao3  =  0 

(10)  Load  in  uniaxial  compression  to  o^  =  O2  =  0;  =  -f^ 

AOj  =  6a 2  =  0;  Ao3  =  -As 
Load  in  shear  to  failure 
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STRESS-STRAIN  DATA 


As  indicated  previously,  the  test  data  from  the  test  program  were  to  be 
documented  by  graphs  of  stress  versus  strain  for  each  test.  The  stress-strain 
plots  for  each  of  the  73  specified  tests  are  presented  in  the  appendixes.  The 
total  test  program  was  subdivided  into  three  test  series.  The  test  data  for 
each  test  series  are  presented  respectively  in  Appendix  A,  B  and  C  for  the 
standard  compression,  nonstandard  compression,  and  tension  test  series. 

In  Appendix  A  the  test  data  for  the  eight  load  paths  included  in  the  stan¬ 
dard  compression  tests  are  shown  in  Figures  A1  through  A8  respectively.  Each 
figure  contains  the  stress-strain  plots  for  the  two  specimens  tested  for  each 
load  path. 

In  Appendix  B  the  test  data  for  the  nine  load  paths  included  in  the  non¬ 
standard  compression  test  series  are  shown  in  Figures  B1  through  B9  respectively. 
In  this  appendix,  each  figure  includes  the  stress-strain  data  for  the  three 
specimens  tested  for  each  load  path. 

Appendix  C  contains  the  test  data  for  the  10  load  paths  included  in  the 
tension  test  series.  The  test  data  for  load  paths  1  through  10  are  presented 
in  Figures  Cl  through  CIO  respectively.  Each  figure  contains  the  stress-strain 
plots  for  the  three  specimens  tested  for  each  load  path  in  this  test  series. 

In  addition  to  the  73  specified  tests,  stress-strain  data  were  obtained  for 
six  additional  control  tests.  These  tests  were  conducted  to  check  the  batch-to- 
batch  consistency  of  the  concrete  material.  These  six  tests  consisted  of  two 
uniaxial  tests  and  two  biaxial  tests  using  specimens  from  batch  3  and  two  uni¬ 
axial  tests  on  specimens  from  batch  2. 

The  uniaxial  tests  were  the  same  as  the  load  path  2  tests  in  the  standard 
compression  test  series  (A2)  which  were  conducted  using  specimens  from  batch  5. 

A  comparison  of  the  strength  variation  obtained  for  these  tests  is  shown  in 
Table  2.  Based  on  a  total  of  six  tests  using  cubes  from  three  different  batches, 
the  maximum  variation  from  the  mean  of  all  tests  was  only  2.5%.  This  indicated 
an  excellent  batch-to-batch  replication  of  the  basic  unconfined  uniaxial  cube 
strength. 

The  two  biaxial  strength  control  tests  conducted  using  specimens  from  batch 
3  were  the  same  as  the  load  path  B3  in  the  standard  compression  test  series 
which  used  specimens  from  batch  5.  A  comparison  of  the  strength  variation  ob¬ 
tained  from  these  four  tests  follows: 


28 


Batch 

Specimen 

Biaxial  Strength  (MPa) 

Difference  From  Mean 

5 

C3 

25.37 

1.6% 

5 

B3 

24.56 

1.6% 

3 

D6 

26.63 

1.4% 

3 

B6 

25.83 

1.4% 

The  batch  5  mean  strength  was  24.97  MPa  with  a  difference  from  the  mean  for 
each  test  of  only  1.6%.  The  batch  3  mean  strength  was  26.24  MPa  with  a  differ¬ 
ence  from  the  mean  of  only  1.4%.  A  comparison  of  the  strength  variation  be¬ 
tween  the  two  batches  was  made  based  on  a  mean  strength  of  25.61  MPa  for  all 
four  tests.  The  maximum  difference  between  the  mean  strength  and  a  given  test 
was  only  4.1%,  indicating  a  good  batch- to-batch  replication  of  the  unconfined 
biaxial  cube  strength. 

The  stress-strain  results  of  the  six  uniaxial  and  biaxial  replication 
tests  are  shown  in  Figures  3  through  8.  In  each  figure  the  batch  number  and 
specimen  used  for  the  given  test  are  shown.  Figures  3  and  4  show  the  uniaxial 
results  for  batch  2;  Figures  5  and  6  show  the  uniaxial  results  for  batch  3;  and 
Figures  7  and  8  show  the  results  of  the  biaxial  tests  for  batch  3. 

The  format  used  for  these  six  graphs  of  stress  versus  strain  is  the  same 
as  that  used  for  all  of  the  stress-strain  plots  shown  in  the  appendixes.  For 
each  test,  the  stress  and  strain  results  are  presented  simultaneously  for  each 
of  the  three  principal  axes.  For  a  loaded  axis  the  stress-strain  plot  is  de¬ 
signated  as  (Tj,  Cj  or  o^,  ,  etc.  For  an  axis  which  is  not  loaded,  the  strains 

along  this  axis  are  plotted  against  the  stress  on  one  of  the  loaded  axis  and 
are  designated  as  o^,  Cg,  or  Oj,  £^,  etc.  All  compressive  stresses  are  desig¬ 
nated  as  negative  and  all  tensile  stresses  are  designated  as  positive.  Simi¬ 
larly,  all  compressive  strains  are  designated  to  be  negative  and  all  tensile 
strains  are  designated  as  positive.  To  further  emphasize  the  difference  be¬ 
tween  positive  and  negative  strains,  all  positive  strains  are  graphed  using  a 
solid  line  and  all  negative  strains  are  graphed  using  a  dashed  line.  To  iden¬ 
tify  stess  and  strain  data  points  occurring  at  the  same  point  in  time,  the 
corresponding  data  points  are  labeled  with  the  same  numeral,  1,  2,  3,  etc., 
when  needed  to  help  identify  individual  data  points  on  any  of  the  three  plots. 

To  assist  in  correlating  these  data  with  conventional  stress-strain  curves 
based  on  cylindrical  specimens,  an  additional  experimental  program  was  performed 
at  San  Diego  State  University.  These  results  are  presented  in  Appendix  D. 
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Figure  3.  Uniaxial  stress  path  In  compression  for  Batch  2  (Test  1) 
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Figure  4.  Uniaxial  stress  path  in  compression  for  Batch  2  (Test  2). 
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Uniaxial  stress  path  in  compression  for  Batch  3  (Test  2). 
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IV.  CONCLUSIONS  AND  RECOMMENDATIONS 


BACKGROUND 


This  effort  was  undertaken  as  part  of  a  study  to  determine  the  behavior  of 
plain  concrete  subjected  to  various  muitiaxial  load  paths.  The  loading  combina 
tions  included  uniaxial,  biaxial  and  triaxial  states  of  stress  with  various  com 
binations  of  compressive  and  tensile  stresses.  The  purpose  of  this  effort  was 
to  generate  triaxial  constitutive  data  for  specified  load  paths  based  on  static 
loadings.  A  total  of  81  tests  were  conducted  using  27  different  load  paths. 

The  test  data  were  reported  in  the  form  of  stress-strain  records  for  79  of  the 
tests.  Only  strength  data  were  recorded  for  the  other  two  tests. 

The  test  specimens  were  76.2-mm  (3-in)  concrete  cubes.  These  specimens 
were  cast  at  NMERI  and  transported  to  NMSU  for  testing.  The  cubical  specimens 
made  it  possible  to  obtain  different  stresses  in  the  three  orthogonal  principal 
directions  simultaneously.  The  effect  of  friction  at  the  interface  of  these 
specimens  and  the  loading  platens  would  noticeably  alter  the  desired  unconfined 
stress  states.  To  overcome  this  difficulty,  special  friction  reduction  methods 
were  incorporated  in  the  loading  system. 

The  loading  apparatus  used  in  this  study  was  a  three-dimensional  manually 
loaded  hydraulic  ram  system.  Stresses  were  calculated  from  strain  measurements 
on  load  cells  in  series  with  the  ram  and  placed  on  the  opposite  side  of  the 
specimen  from  the  ram.  Specimen  strains  were  calculated  based  on  the  relative 
displacements  of  opposite  faces  of  the  specimens  along  the  centroidal  axis. 
These  displacements  were  determined  from  strain  output  of  extensometers  which 
were  specifically  designed  for  this  purpose. 

The  loading  frame  used  in  the  test  apparatus  is  quite  stiff.  As  a  result, 
very  little  displacement  is  required  to  unload  the  stored  energy  in  the  frame 
during  a  test,  and  specimen  failure  is  not  explosive.  For  almost  every  test, 
the  specimen  can  be  removed  from  the  test  apparatus  in  one  piece.  The  failure 
mode  of  the  cubes  and  the  orientation  of  fracture  planes  is  quite  apparant. 

This  serves  as  a  visual  check  on  the  effectiveness  of  the  friction  reduction 
methods  used. 

At  this  time  the  analysis  of  the  data  is  in  progress  at  NMERI.  The  data 
are  being  used  to  evaluate  the  capabilities  and  limitations  of  existing  consti¬ 
tutive  models  for  concrete.  Those  results  will  be  presented  separately. 
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CONCLUSIONS 

Since  the  analysis  of  the  data  from  this  test  program  has  not  been  completed 
at  this  time,  this  discussion  will  be  primarily  related  to  the  testing  program. 
Some  general  observations  relative  to  the  resulting  data  were  also  made. 

The  testing  procedures  used  for  all  tests  in  the  test  program  were  found 
to  be  quite  satisfactory.  The  loading  system  is  very  versatile  and  it  was  pos¬ 
sible  to  develop  the  specified  states  of  stress  including  a  triaxial  stress 
state  with  one  tension  stress  component.  This  was  in  spite  of  the  fact  that 
some  of  the  load  paths  included  in  the  test  program  were  fairly  complex  rela¬ 
tive  to  previous  testing  conducted  at  NMSU  or  reported  in  the  literature.  The 
modifications  made  in  the  load  frame  were  found  to  be  quite  helpful  for  align¬ 
ment  of  the  three  loading  axes  for  the  various  tests. 

Dimensional  control  of  the  test  specimens  was  excellent  and  well  within  the 
specified  tolerances.  The  tension  specimens  preparation  procedures  were  deter¬ 
mined  to  be  very  satisfactory.  An  initial  concern  was  the  possibility  of  bond 
failure  between  the  epoxy  and  the  steel  loading  platens  during  a  test.  None 
occurred.  All  tension  test  failures  occurred  in  the  concrete  test  specimen. 

The  friction  reduction  methods  used  to  minimize  the  constraint  of  the  speci¬ 
mens  at  their  interface  with  the  steel  loading  platens  was  thought  to  be  very 
good.  This  conclusion  was  reached  based  on  the  observed  failure  modes  and  frac¬ 
ture  planes  in  the  specimens  for  each  test.  Another  basis  for  the  conclusion 
was  a  comparison  of  limit  stress  and  strain  values  with  those  reported  in  the 
literature  for  some  of  the  control  tests  included  in  the  test  program. 

Replication  of  the  limit  stress  from  test  to  test  was  excellent  for  a 
given  load  path  when  using  specimens  from  the  same  batch  for  all  compression 
tests.  Replication  of  the  limit  stress  for  a  given  load  path  when  using  spec¬ 
imens  from  different  batches  was  quite  good.  This  was  an  indication  of  good 
quality  control  in  the  manufacture  of  the  test  specimens. 

Replication  of  the  limit  stress  for  tension  tests  and  limit  strains  for 
all  tests  was  somewhat  less  consistent  than  the  limit  stress  replication  for 
the  compression  tests.  This  situation  is  not  unique  for  this  test  program. 
Similar  observations  have  been  made  relative  to  test  data  reported  in  the  lit¬ 


erature. 


The  load  cell  calibration  procedure  was  found  to  be  excellent.  Replication 
of  the  calibration  functions  from  loading  to  loading  was  excellent.  The  nonlin¬ 
ear  output  from  some  of  the  load  cells  did  cause  some  inconvenience  during  data 
reduction  and  during  testing  on  some  load  paths. 

The  extensometer  calibration  procedures  were  generally  found  to  be  satisfac¬ 
tory.  Some  difficulty  occurred  relative  to  replication  of  the  extensometer  out¬ 
put  during  calibration.  This  resulted  in  a  more  tedious  and  time  consuming  pro¬ 
cedure  than  for  load  cell  calibration.  Alternate  calibration  procedures  have 
been  considered  for  future  testing  programs. 

The  data  recording  system  utilizing  a  graphical  display  of  stress  versus 
strain  data  during  a  test  is  considered  to  have  definite  advantages  compared  to 
alternate  digital  data  aquisition  systems.  Using  this  system,  point  in  time 
data  may  be  obtained  while  the  specimen  is  creeping  at  a  high  rate.  The  inves¬ 
tigator  is  immediately  aware  of  trends  in  data  from  one  load  path  to  another 
as  well  as  the  replication  of  the  data  from  test  to  test. 

RECOMMENDATIONS 

Several  recommendations  for  future  research  which  could  utilize  the  existing 
triaxial  testing  capability  with  minor  modifications  of  the  testing  apparatus  are 
included  in  this  section. 

A  test  program  similar  to  the  present  one  which  would  investigate  the  effect 
on  the  limit  surface  location  between  a  set  of  standard  tests  and  an  alternate 
set  of  tests  that  reach  the  same  point  in  stress  space  by  alternate  stress  paths. 
The  standard  tests  would  be  used  to  obtain  an  initial  definition  of  the  limit 
surface.  The  effect  of  several  parameters  such  as  concrete  strength  or  additional 
cycles  of  inelastic  deformation  could  be  included.  The  stress-strain  response 
could  be  monitored  for  all  tests  conducted. 

A  test  program  with  primary  emphasis  on  multiaxial  testing,  including  one 
principal  stress  in  tension  or  tests  involving  biaxial  tension,  could  be  included 

The  effect  on  stress-strain  response  of  test  specimens  consisting  of  rein¬ 
forced  concrete  cubes  could  be  considered.  Tests  with  varying  amounts  of  rein¬ 
forcement  or  with  a  fixed  amount  of  reinforcement  with  tests  along  different  load 
paths  could  be  considered. 


With  some  modification  of  the  existing  loading  system,  an  investigation  of 
strain  softening  would  be  feasible  in  the  existing  loading  frame.  The  primary 
modification  would  be  the  installation  of  a  loading  ram  which  is  not  hydraulic 
on  one  of  the  loading  axis. 
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APPENDIX  A 


STRESS-STRAIN  PLOTS  FOR  STANDARD  COMPRESSION  TESTS 

All  stress  and  strain  data  are  plotted  for  the  various  paths  described 
as  standard  compression  tests.  Figure  A-l  gives  the  results  for  the  first 
path,  Figure  A-2  for  the  second  path,  etc.  Since  two  experiments  were  per¬ 
formed  for  each  path,  each  figure  has  a  part  (a)  and  a  part  (b)  which  differ¬ 
entiates  these  two  sets  of  data. 
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Figure  A3.  Load  Path  3  of  standard  compression  tests 
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Figure  A5.  Continued. 
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Figure  A7.  Load  Path  7  of  standard  compression  tests 
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Figure  A8.  Load  Path  8  of  standard  compression  tests 


APPENDIX  B 


STRESS -STRAIN  PLOTS  FOR  NONSTANDARD  COMPRESSION  TESTS 

All  stress  and  strain  data  are  plotted  for  the  various  paths  described 
as  nonstandard  compression  tests.  Figure  B-l  shows  the  results  for  the  first 
path,  Figure  B-2  for  the  second  path,  etc.  Since  three  experiments  were  per¬ 
formed  for  each  path,  each  figure  has  part  (a),  (b)  and  (c)  which  differenti¬ 
ates  these  three  sets  of  data. 
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Figure  Bl.  Load  path  1  of  nonstandard  compression  tests. 
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B2.  Continued. 
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Fioure  C3.  Continued. 
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Figure  D7.  Continued. 
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APPENDIX  C 


STRESS-STRAIN  PLOTS  FOR  TENSION  TESTS 

All  stress  and  strain  data  are  plotted  for  the  various  paths  described 
as  tension  tests.  Figure  C-l  shows  the  results  for  the  first  path,  Figure 
C-2  for  the  second  path,  etc.  Since  three  experiments  were  performed  for 
each  path,  each  figure  has  part  (a) ,  (b)  and  (c)  which  differentiates  these 
three  sets  of  data. 
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Figure  Cl.  Continued 


Figure  C2.  Load  path  2  of  stress  paths  Involving  tension. 
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Figure  C4.  Continued. 


Figure  C5.  Load  path  5  of  stress  paths  Involving  tension. 
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Figure  C7.  Continued. 
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Figure  C7.  Continued. 


Figure  C8.  Load  path  8  of  stress 
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Figure  C8.  Continued. 


Figure  C9.  Load  path  9  of  stress  paths  Involving  tension. 
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APPENDIX  D 


CONCRETE  CYLINDER  TESTS 


G.  Krishnamoorthy 

Professor  of  Civil  Engineering  and  Engineering  Mechanics 
San  Diego  State  University 
April  1982 


Load-deformation  plots  are  shown  for  conventional  cylindrical  specimens 
that  were  provided  by  NMERI  to  San  Diego  State  University.  These  specimens 
were  made  from  the  same  batches  used  by  New  Mexico  State  University.  The 
results  serve  as  a  link  between  experiments  on  a  cubical  specimen  and  tradi¬ 
tional  experiments  on  cylindrical  specimens. 
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CONCRETE  CYLINDER  TESTING 


TEST  APPARATUS  :  300,000  1b.  capacity  screw-actuated 
Riehle  machine 

DATA  ACQUISITION  SYSTEM  :  Two  250  mil  LVDT's 

Two  50  mil  LVDT's 

Load  Cell  and  LVDT  amplifier  and  signal 
Conditioning  module 
Averaging  module 
Two  HP  X-Y  recorders 

LOADING  RATE  :  Machine  running  idle,  0.05  inch/min  (ASTM:C39) 

FORCE-DEFLECTION  PLOTS  :  Two  force-deflectiort  curves  were  obtained  for  each 

specimen.  In  one,  the  side  LVDT's  (250  mil)  were 
averaged  and  used  as  the  abscissa  (Figs  2  thru  25), 
while  In  the  other  the  front  and  back  LVDT's  (50  mil) 
were  averaged  (Figs  26  thru  48). 


SUMMARY  OF  TEST  RESULTS 


BATCH  NO. 

SPECIMEN 

TYPE  OF 

STRENGTH 

INITIAL  MODULUS 

NO. 

LOADING 

PSI 

LB/ IN2  10+6 

3/31/81 

1 

MONOTONIC 

3837.4 

1.78 

2 

N 

3806.5 

1.66 

3 

CYCLIC 

3492.6 

1.96 

4 

M 

360  7.5 

1.80 

MEAN 

3686.0 

1.80 

ST.  DEV. 

. 

164.3 

.12 

3/26/81 

1 

MONOTONIC 

3741.9 

1.86 

2 

M 

3741 .9 

1.75 

3 

CYCLIC 

2.01 

4 

II 

3961.2 

1  1 

MEAN 

3863.2 

1.87 

ST.  DEV. 

141.3 

.11 

3/30/81 

1 

MONOTONIC 

3724.2 

2.23 

2 

» 

3618.1 

1.88 

3 

CYCLIC 

3791.0 

2.08 

4 

M 

3873.5 

2.04 

MEAN 

3751.7 

ST.  DEV. 

108.0 

■fiff 

3/27/81 

1 

MONOTONIC  . 

2991.4  * 

1.99 

2 

Il 

3695.2 

2.10 

3 

ll 

3522.6 

1.90 

4 

CYCLIC 

3744.6 

1.71 

MEAN 

3654.1 

1.93 

ST.  OEV. 

116.6 

.17 

NOT£:  No's  with  (*)  not  included  In  calculating  the  mean  and 


standard  deviation 


BATCH  NO. 

SPECIMEN 

NO. 

TYPE  OF 

LOADING 

STRENGTH 

PS  I 

INITIAL  MODULUS 
LB/ IN2  10+6 

4/1/81 

1 

MONOTONIC 

3455.8 

1.93 

2 

M 

3538.2 

2.07 

3 

CYCLIC 

3512.4 

2.21 

4 

M 

3264.8 

1.81 

MEAN 

3442.8 

2.01 

ST.  OEV. 

123.6 

.17 

4/2/81 

1 

MONOTONIC 

3507.4 

2.22 

2 

N 

4007.5 

2.34 

3 

II 

2.01 

4 

M 

1 

3.19* 

370 

27 


MEAN 
ST.  DEV 


15.8 

0.0 


2.19 

.17 
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